Abstract: An investigation on the microstructure of as-cast Al-Mg-Cu composites reinforced by in situ nano-sized Al 2 O 3 dispersoids with ultrasonic treatment showed that ultrasonic treatment of the melt prior to casting had a significant effect on the size and sphericity of α-Al dendrites as well as on the size, continuity and sphericity of intermetallic particles (Al 2 CuMg) formed during cooling and solidification of the composite. More importantly, Al 2 O 3 nanoparticles were uniformly distributed inside the grains, which were in situ produced by the displacement reaction between Al and CuO in the melt under ultrasonic treatment. The microstructural effects were mainly attributed to the cavitation and streaming phenomena which took place during ultrasonic treatment in the melt. The mechanical properties were investigated by tensile tests and hardness measurements. Ultrasonic treatment caused a significant increase in the yield strength (~43%), ultimate tensile strength (~32%) and hardness (~13%), and simultaneously slight improvement in the ductility.
Introduction
It has been well recognized that lightweight metal-matrix composites (LMMCs) (metal matrix with ceramic particles usually) can be of significance for automobile, aerospace, military industries and numerous other applications. In particularly, aluminum matrix composites (AMCs) have been widely used in the above-mentioned fields due to the interesting combination of engineering properties such as low density, high specific strength and stiffness, improved damping property, electromagnetic shield capacity, excellent machinability and good castability [1] [2] [3] [4] . Currently, it can be carried out through many different methods for the fabrication of AMCs, which are summed up based on the literature survey in two categories including solidification processing (SP) and powder metallurgy (PM). Massive efforts have been made to develop AMCs, such as Al-SiC [5] [6] [7] [8] [9] , Al-Al 2 O 3 [2, [10] [11] [12] , Al-B 4 C [13] , Al-TiB 2 [14] , Al-CNT [15, 16] , Al-Diamond [17, 18] , using SP and PM in the last couple of decades. The attractive physical and mechanical properties of AMCs, including high specific modulus, superior strength, long fatigue life, and improved thermal stability, can be obtained by PM. However, it is a pity that the PM route suffers from the processing costs, the difficulty in the manufacture of large complex shaped parts and its poor ductility. On the other hand, the solidification processing, that is the melting and casting route, though cost effective, experiences problems like poor wettability between ceramic reinforcements and the melt, inhomogeneous distribution of reinforcements and unwanted interfacial reactions [19, 20] .
In order to overcome the above difficulties, novel processing techniques based on in situ production of composites by displacement reactions in Al-SiO 2 , AlCuO, and Al-ZnO systems have emerged in recent years [2, [21] [22] [23] . In the conventional in situ synthesis, though the in situ-formed reinforcements offer the advantages of finer size, non-contaminated surface and matched interface, a uniform distribution of in situ particles is difficult to achieve even for the mechanical stirring method due to the density difference between the liquid and solid particles. What's more, the problem with finer reinforcement particles, particularly nanoparticles, would tend to agglomerate, especially in grain boundary, because of the high surface energy [19, 24] . With the advent of a new processing technique namely ultrasonic treatment (UST) [25] , it has been possible to uniformly distribute nano-sized dispersoids in the as-cast materials resulting in a higher strength of the casting. Yang et al. [1, 26, 27] fabricated bulk aluminum alloy A356 reinforced by the SiC nanoparticles with average diameter~30 nm by UST. It can be observed that high-power ultrasonic was effective to disperse nano-sized SiC particles in aluminum alloy A356 and high yield strength in cast Al -7 mass% Si alloys reinforced with 2 mass% nano-sized SiC particles was obtained. Su et al. [28] produced 1 mass% nanoAl 2 O 3 /2024 aluminum matrix composites using UST. Compared with the alloy matrix, the ultimate tensile strength and yield strength of 1 mass% nano-Al 2 O 3 /2024 composite were enhanced by 37% and 81% respectively due to the uniform distribution of reinforcement and grain refinement of aluminum matrix by UST. As previously stated, much work has focused on adding nanoparticle reinforcements into the given metal melts. The available literature on aluminum matrix composites by in situ UST that utilized ultrasonic melt treatment and in situ synthesis processing was rather limited [29] .
This paper presents the effects of UST on the microstructural features and mechanical properties of aluminum matrix composites fabricated by the in situ Al-CuO system. In addition, special attention is paid to the effects of UST on the second phases, including in situ nanoparticles and intermetallic phases, formed in the microstructures. This is an area less explored by other researchers.
Experimental Materials and apparatus
In this research raw materials involved: refined aluminum ingot for remelting (99.99% purity) as the composite matrix, magnesium chips (99.5% purity) and CuO powders (99.5% purity, < 5 μm size). Magnesium addition was expected to scavenge oxygen from the surface of CuO particles and result in the elimination of the gas layer thus promoting wetting and improve the wettability between the in situ aluminum oxide and the liquid metal melt [30] . During the experimental process, an atmospheric control electrical resistance furnace with the ultimate temperature of 1,200°C and an ultrasonic processing system consisted of ultrasonic probe and ultrasonic generator and transducer were applied. The ultrasonic probe of 50 mm in diameter and 350 mm in length was made of TC4 titanium alloy specially made for aluminum melt which can withstand high processing temperature with minimum ultrasonic cavitation induced erosion. A maximum ultrasonic power of 2 KW from the transducer was found to generate adequate nonlinear effects inside the crucible.
Sample preparation
The processing temperature was controlled at approximate 200°C above the aluminum melting point (660°C). Approximately, 400 g of the pure aluminum ingot was charged into the crucible made from graphite. The required amounts of Mg and CuO were calculated according to the nominal composition Al -2 mass% Mg -5 mass% CuO. The mixture of Mg chips and CuO powders was wrapped in an aluminum foil by forming packets for preheated at 150°C for 2 h. After maintaining the temperature at 860°C, the preheated packets were added into molten metal of crucible while a graphite agitator was in progress to create vortex. The molten metal was continuously stirred at 300 rpm for about 10 min after addition of Mg and CuO mixture under argon gas cover. After the mixture addition through mechanical stirring, the ultrasonic probe was inserted into the melt when the processing temperature fell at 750°C. Sonication time was continued for about 5 min. The melt with the reinforced nanoparticles then poured into a preheated (200°C) Reynolds standard golf tee mold [29] made of copper. In order to identify the properties and structures of samples, the composite melts with the same components were prepared without ultrasonic treatment but in other identical conditions (including melting temperature, furnace, mechanical stirring, etc.).
Characterization of composite samples
Optical microstructures (OM) of the resulting composites were examined under the metallographic microscope (Olympus BX60M) after being etched by Keller's reagent (1.5 ml HCl, 2.5 ml HNO 3 , 1 ml HF and 95 ml H 2 O). The morphology, size and dispersion of in situ Al 2 O 3 particles and intermetallic phases in the matrix were observed by the scanning electron microscope (SEM, LEO 1450) and the field emission scanning electron microscope (FESEM, SUPRA TM 55) equipped with an energy dispersive spectroscopy detector (EDS). The transmission electron microscope (TEM) specimen preparation process was as follows: 0.3-mm-thick slices were cut off from the specimen followed by mechanical grinding to 40-50 μm. Then the thin foils were ion milled at room temperature in a Gatan PIPS with a small incident angel till perforation. All the thin foils were examined in a Tecnai G2 F30 TEM operated at 200 kV. Phase analysis of the composite samples was carried out by X-ray diffractometer (XRD, Rigaku TTRⅢ) using monochromatic Cu Kα radiation with the wavelength of X-ray 0.154 nm, and operated at 40 kV as well as 150 mA. According to China's National Standard GB/T 228-2002, tensile tests were carried out at room temperature with the tensile rate of 0.5 mm · min −1 on a CMT-4105 testing machine [31] . The hardness values of the samples were determined using the Rockwell hardness tester on "B" scale (Model TH320) with 1.58 mm steel ball indenter, minor load of 10 kg, and major load of 100 kg and hardness value of 101.2 HRB as the standard block. For each test, at least three specimens were tested to obtain the average values of strength, elongation and hardness.
Results and Discussion

Microstructural characteristics
The optical micrographs of the composite samples without/with UST are shown in Figure 1 (a) and (b), respectively. It indicates that the introduction of UST has reduced the grain size of aluminum matrix from 100 to 150 μm in Figure 1 (a) to 40-75 μm in Figure 1(b) . Besides, the primary α-Al phase dendrites formed less uniformly without UST have mostly changed into near-equiaxial or equiaxial crystals under ultrasonic vibration. Note that as it can be seen from Figure 1(b) , the grains have less branches and shorter arms, which results in smaller grain perimeters and greater sphericity. Also, the uniformity of the grains in terms of their size and shape has increased by UST [32, 33] . In this study, UST was performed at 750°C, about 90°C above the aluminum melt point. No α-Al grain is expected to form at this temperature, and therefore the above microstructural refinement appearance could not be explained by conventional ultrasonic nonlinear effects, namely transient cavitation and acoustic streaming [26] . However, with the aid of ultrasonic transient cavitation, the in situ clustered particles such as Al 2 O 3 could be broken up under an implosive impact, a portion of which become active and involved as the nuclei during the solidification [28, 34] . Meanwhile, distribution of the agglomerated nucleant particles existing in the melt under the effects of cavitation and streaming also increases the effective nucleation sites [35] . Thus the microstructure with fine grains as shown in Figure 1(b) can be observed.
The SEM images of as-cast composites before and after UST are presented in Figure 2 (a-d) at two different magnifications. From SEM images (Figure 2) , it is obvious that the grain refining effect by UST is much clearer. However, it is somewhat surprising that the porosities are not visible in the composites whether by mechanical stirring or with UST. The structural morphology and shapes of intermetallics located in the grain boundary were investigated using SEM as shown in Figure 2 Figure 3 clearly show that Al 2 CuMg particles of larger than 5 μm without UST are jointed together, while ones of only 1 μm with UST are separated. In other words, the size of Al 2 CuMg particles decreases and their sphericity increases by the applied UST.
The dominant intermetallic phase in the microstructures, i.e., Al 2 CuMg, is formed by a eutectic reaction in the Al-Cu-Mg system at about 520°C after the displacement reaction between Al and CuO as follows: 2Al ðlÞ þ3CuO ðsÞ ! Al 2 O 3ðsÞ þ3Cu ðsÞ ð1Þ
The reaction is sought to take place leading to the formation of Al 2 O 3 particles. Owing to its low formation temperature, Al 2 CuMg is the last solid phase formed during solidification, and therefore, as can be seen from Figure 2 , it precipitates at the grain boundaries. As a brittle phase, Al 2 CuMg can have deleterious effects on the mechanical properties of the castings if it forms a continuous coarse network at the grain boundaries. Besides, the EDS analysis was utilized to determine the composition of the composites. EDS of Particle A in Figure 2 (b) magnified by the dotted circle location in Figure 2 (a) shows that the precipitated particle contains some amount of O except Al, Cu and Mg as shown in Figure 4 . The result of Particle B in Figure 2 (d) by EDS is similar to Particle A. Magnesium addition may account for the presence of oxygen. Previous research [36, 37] demonstrated that the formation of a spinel, MgAl 2 O 4 , would occur on alumina particulate in Mg-containing aluminum alloys melt. The presence of magnesium in the melt can reduce alumina to aluminum and release the oxygen to form magnesia according to Reaction (2) or react with alumina directly, resulting in the formation of a spinel according to Reactions (3) and (4) It has been pointed out that MgAl 2 O 4 was the stable reaction product with the concentration of Mg in the melt lower than 4 mass%, while MgO was the main reaction product with the concentration of Mg in the melt greater than 4 mass% [9, 36] . Therefore, it is believed that the main reaction product is MgAl 2 O 4 in the present composites with 2 mass% Mg in this study, lower than 4 mass%. As shown in Figure 2 (c), within the grains, the distribution of the white dispersed particles punctuate sparsely in coarse dendrites, while a great many of nanoparticles are primarily present inside the grains in Figure 2(d) . The detection zone of EDS beam is bigger than the average size of nanoparticles above mentioned, and therefore it is unclear that the ultrafine particles are consisted of in situ Al 2 O 3 or CuAl 2 , which is one of the very common precipitated phases in aluminum alloys. To distinguish both of them, solution treatment was carried out at 495 ± 2°C for 8 h and then water quenched. Figure 5(a) and (b) show the microstructure of the sample with UST by solution treatment. As can be observed, after the solution treatment, nanoparticles are still clearly visible inside a grain ( Figure 5(a) ) and around the grain boundary ( Figure 5(b) ), though the quantity of nanoparticles is more or less declined compared with as observed in Figure 2 (d). It should be noted that CuAl 2 , which usually disperses in the aluminum matrix, could dissolve into the aluminum matrix during the solution treatment. Therefore, the white nanoparticles remaining inside the grains should be Al 2 O 3 . However, a small amount of nanoparticles are found inside the grain of the sample without UST by solution treatment in Figure 5 
Mechanical properties
The properties of the LMMCs depend not only on the matrix particle and the weight percent, but also on the distribution of reinforcing particles and interface bonding between the particle and matrix according to large quantities of previous studies. As mentioned above, under the applied UST, the nanoparticles Al 2 O 3 can be uniformly dispersed in the aluminum matrix, and the size and shape of intermetallic phases formed during solidification of the as-cast composites have changed obviously. Therefore, it is predicted that the properties of the sample with UST should be better than without UST under the same other conditions. Table 1 shows the average results of tensile and hardness testing at room temperature. As depicted in the table, the mechanical properties of as-cast composites with UST have been simultaneously enhanced as expected, the yield strength (YS) by~43%, the ultimate tensile strength (UTS) by~32% and hardness by~13%, respectively. Fortunately, the elongation of the sample with UST has been slightly improved. Note that the performance improvement just results from the small amount of nano-Al 2 O 3 particulates (~2 mass% calculated by the composition of Al -2 mass% Mg -5 mass% CuO) by UST. These results would be attributed to coupled effects of an increase in grain boundary area due to grain refinement and the dislocation pinning in virtue of the Orowan strengthening mechanism [28, 38] . Meanwhile, careful inspection by TEM from Figure 7 reveals a higher dislocation density close to Al 2 CuMg with UST (Figure 7(b) ) than without UST (Figure 7(a) ), which indicates that the improvement of sample properties may be related to the enhanced dislocation density. However, it is thought that discontinuity and refinement of Al 2 CuMg particles should play an important role in improvement of the tensile strength of the composite by UST. The results presented in the preceding sections have shown that under UST, the continuity, thickness and width of Al 2 CuMg particles decrease, but the sphericity increases. These would contribute to higher tensile strength and ductility improvement of the composite under UST.
Above all, it seems that the collective effects of UST on these microstructural features have significantly improved the mechanical properties of the as-cast composites in Table 1 .
Conclusions
In this study, the effects of ultrasonic treatment on microstructural features and mechanical properties of as-cast Al-Mg-Cu composites reinforced by in situ nano-Al 2 O 3 particulates were investigated. The results showed that ultrasonic treatment of the melt prior to casting had significant effects on the aluminum matrix and the second phases, which were mainly attributed to the cavitation and streaming phenomena taking place during ultrasonic treatment in the melt. On the one hand, grains size of the aluminum matrix decreased and the grains sphericity got greater via ultrasonic treatment. On the other hand, as to the intermetallic particles (Al 2 CuMg) formed during cooling and solidification of the composites, their size decreased and their sphericity increased by the applied UST. Moreover, the continuity of Al 2 CuMg particles was damaged by UST, improving the composites performance. Even more importantly, Al 2 O 3 nanoparticles were uniformly distributed inside the grains, which were in situ produced by the displacement reaction between Al and CuO in the melt under ultrasonic treatment. Mechanical properties, including the yield strength, the ultimate tensile strength, the elongation and hardness, were significantly improved by ultrasonic treatment of the melt connecting microstructural features. 
